A signal of Fas-mediated apoptosis is transferred through an adaptor protein Fas-associated death domain protein (FADD) by interactions between the death domains of Fas and FADD. To understand the signal transduction mechanism of Fas-mediated apoptosis, we solved the solution structure of a murine FADD death domain. It consists of six helices arranged in a similar fold to the other death domains. The interactions between the death domains of Fas and FADD analyzed by site-directed mutagenesis indicate that charged residues in helices ␣2 and ␣3 are involved in death domain interactions, and the interacting helices appear to interact in anti-parallel pattern, ␣2 of FADD with ␣3 of Fas and vice versa.
1
/MORT1 and procaspase-8 to the Fas receptor through the homotypic interactions of death domains (DDs) and death effector domains (DEDs), respectively, leading to proteolytic activation of caspase-8 (1) (2) (3) (4) (5) . The activation of caspase-8 initiates a cascade of caspases and leads to cell death. The clustering of Fas receptor, FADD, and procaspase-8, termed death-inducing signaling complex, is essential for Fas-mediated apoptosis and caspase-8 activation (6) (7). In the death-inducing signaling complex formation, FADD mediates signals from Fas receptor to procaspase-8 with its C-terminal DD and N-terminal DED. FADD also participates in signaling other members of the TNFR family. FADD binds to TNFR1-associated death domain protein (TRADD), which interacts with the stimulated TNFR1 in TNF-mediated apoptosis (8) . Several viral and cellular procaspase-8-like proteins, FLIPs (FLICE inhibitory proteins), also bind to FADD and modulate Fas-induced apoptosis (9 -14) . Among the Fas-binding proteins, FADD is the only protein found in the death-inducing signaling complex (6) and has shown to be essential in vivo by use of FADD-deficient cells that are completely resistant to Fas-mediated apoptosis (15, 16) . FADD is also implicated in embryo development (15) , T-cell proliferation (16) , and TNF-induced activation of acid sphingomyelinase (17) . The downstream signal transduction of Fas-or TNF-mediated apoptosis is blocked by the N-terminaltruncated FADD that lacks death effector domain (18) .
FADD exists in the cytoplasm of normal cells, but it does not induce cell death except at a high concentration (1) . This suggests that the signal transduction of FADD be triggered by interactions of death domains of Fas and FADD, possibly converting FADD into a form capable of recruiting procaspase-8. However, the mechanism of a signal transduction by FADD is not yet clear. To understand the mechanism of FADD-mediated signal transduction, we determined the solution structure of a murine FADD (2) death domain (FADD-DD), carried out sitedirected mutageneses, and analyzed the effect of mutagenesis on the binding affinity of FADD-DD for Fas-DD to map an interaction site of death domains. Thus far, the structures of Fas-DD (19) , FADD-DED (20) , and caspase recruitment domain of RAIDD (21) has been determined and known to have similar global folds. It has been suggested that the interactions between DDs or caspase recruitment domains are electrostatic (19) (21) , whereas those between DEDs are hydrophobic (20) . But the mode of interactions has not been clear because the information about the counter-interacting domain has not been available. By determining structure of FADD-DD, we now are able to propose a model for the death domain interactions of Fas and FADD based on the structures of Fas-DD (19), FADD-DD, and mutagensis experiments.
MATERIALS AND METHODS
Sample Preparation-Recombinant FADD was prepared from the murine FADD gene subcloned into an expression vector pET3d (Novagen) in Escherichia coli strain BL21 (DE3). When cell growth is reached at the logarithmic phase at 37°C, protein expression was induced by adding 0.4 mM isopropyl-1-thio-␤-D-galactopyranoside for 3 h. The harvested cell paste was disrupted by a sonicator in a lysis buffer (50 mM Tris-HCl, pH 8.0, 1 mM EDTA, 1 mM dithiothreitol, 10% glycerol, and 1 mM phenylmethylsulfonyl fluoride), and ammonium sulfate up to 30% was added to the soluble fraction of the cell extract. The precipitant was collected by centrifugation and dialyzed overnight at pH 4.0 and further purified by reverse phase high performance liquid chromatography using a C 8 Vydac column. Purified FADD was subjected to proteolytic digestion for 2 h at 15°C by adding subtilisin of one-hundredth of FADD in phosphate buffer at pH 8.0. The molecular weight and Nterminal amino acid sequence of the resistant fragments were analyzed, and the corresponding DNA fragments were subcloned into a pET15b expression vector. The C-terminal fragment of FADD protein (FADD-DD) was expressed in E. coli strain BL21 (DE3) by inducing with 0.4 mM isopropyl-1-thio-␤-D-galactopyranoside for 3 h at 28°C. The protein was purified by an affinity chromatography with nickel nitrilotriacetic acid-agarose column (Qiagen). The polyhistidine tag was removed by thrombin and further purified by gel filtration in ammonium acetate buffer at pH 4.0. Purified protein that has an N-terminal cloning artifact of Gly-Ser-His-Met was lyophilized and stored at Ϫ20°C. A uniformly 15 (28) and NOE intensity of the stereospecifically assigned H␤ protons to ␦-methyl protons of Leu. NOE distance restraints were derived from three-dimensional 1 H-15 N NOESY-HSQC, 13 C-, 15 N-edited NOESY, and 1 H NOESY spectra in 2 H 2 O, all with a mixing time of 75 or 150 ms. Only cross-peaks observed in 75 ms mixing time were used for the initial structure calculation to exclude a spin diffusion artifact. All NOE crosspeaks were assigned using a program PIPP. The NOE intensity was converted into three groups of classes (1.8 -2.7, 1.8 -3.5, 1.8 -5.0), and pseudo-atom corrections were made appropriately (29) .
Other Restraints-The scalar coupling constant of the ␣-proton to the amide proton was obtained from the HNHA experiments. The backbone torsion angle was restrained to Ϫ85 to Ϫ25 for 3 J HNH␣ Ͻ 5.5 Hz, Ϫ60 to Ϫ180 for 3 J HNH␣ 7-8 Hz, Ϫ70 to Ϫ170 for 3 J HNH␣ 8 -9 Hz, and Ϫ90 to Ϫ150 for 3 J HNH␣ Ͼ 9 Hz. The torsion angles of helix region were restrained to Ϫ70 to Ϫ10. The side chain torsion angles 1 were restrained based on cross-peak intensities deduced from 1 H-15 N HSQC-TOCSY and 13 C-, 15 N-edited NOESY spectra. Additional backbone Hbond restraints were given where secondary structures were indicated based on NOE connectivity. For each hydrogen bond, two restraints (r NH-O , 1.7-2.3; r N-O , 2.5-3.3) were used. Additionally, J-coupling constants (30) , carbon chemical shifts of C␣ and C␤ resonances (31) , and a data base potential (32) (33) were directly included in the simulated annealing protocol during refinement.
Mutations and Measurements of Binding Affinity-At first, mutation sites were selected based on the structure of Fas death domain (19) , but further mutations were made when an initial structure of FADD-DD was calculated. The mutation sites are in helices ␣2 and ␣3 and the connecting loop between them. Charged residues in ␣2 and ␣3 were replaced by Ala, and hydrophobic residues in the connecting loop were replaced by Asn similar to the lpr mutant of Fas. All mutants were single amino acid substitutions and purified as wild type FADD-DD described above. For the binding affinity measurements, human Fas-DD (Gly 192 -Ser 304 ) was expressed in E. coli and purified. The purified Fas-DD was coupled to sensor chip CM5 by amine coupling at pH 4.0 to get about 2,600 response units. In the same way, FADD was attached to a CM5 chip to have about 6,000 response units to measure self-association between FADD-DD and FADD. A flow of purified FADD-DD in HBS buffer (10 mM HEPES, pH 7.4, containing 150 mM NaCl, 3.4 mM EDTA, and 0.05% surfactant P20) at 5 different concentrations between 55 to 880 nM was maintained over the protein-coupled chip for 2 min to record association at the flow rate of 20 l/min. The bound FADD-DD was dissociated by passing HBS buffer without FADD-DD for the next 6 min at the same flow rate. Binding constants were obtained by BIAevaluation software (Biocore AB) using obtained sensorgrams. The degree of self-association was estimated based on the resonance signal obtained for 2 min of association. All binding experiments were performed at 25°C. All binding experiments were carried out with BIAcore 2000, and the N-terminal amino acid sequence of the purified protein was determined at Korea Basic Science Institute (KBSI) in Seoul.
RESULTS

Structure of FADD-DD-
The structure of FADD-DD (residues 89 -183) is well defined by 1,253 experimentally derived NOEs, 174 dihedral angle restraints, 50 hydrogen bonds, 84 coupling constants, and 83 additional chemical shifts (Table I) . FADD-DD shown in Fig. 1 consists of 6 helices similar to other death domains of Fas (19) and the p75 neurotrophin receptor (34) . Helices ␣1 and ␣2 are interlocked with helices ␣4 and ␣5, and helices ␣3 and ␣6 are located on each side. Helix ␣6 is well packed against the interlocked helices, but ␣3 is more loosely associated. Hydrophobic residues from ␣1, ␣2, ␣4, ␣5, and ␣6 form the hydrophobic core of the protein, but ␣3 is rather isolated from the others (Fig. 1) . Most hydrophobic residues are well buried except for a few residues in ␣1 and ␣6. Helix ␣2 has mostly positively charged residues (Arg 110 , Lys 113 , Arg 114 , Arg 117 , and Lys 120 ) on the surface, whereas ␣3 has many negatively charged residues (Glu 123 , Asp 127 , Glu 130 , and Glu 131 ). Helices ␣2 and ␣3 form contiguous exposed charged surfaces with opposite polarity (Fig. 4) . Helix ␣4 is relatively long compared with other helices, with a bend in the middle, and a 3 10 helical turn is found between ␣4 and ␣5. Helices ␣1 and ␣6 have mostly negatively charged residues and a few hydrophobic residues on the surface (Fig. 1) . Flexibility of FADD-DD-When hydrogen exchange rates of the backbone NHs were measured and classified into four classes by their exchange rates, each helix showed a different internal flexibility (Figs. 1 and 3) . Helix ␣3 is the most flexible of all, and ␣5 is the least. Helix ␣5 in p75ICD (34) is also reported to be better protected from exchange compared with other helices, indicating that the organization of hydrophobic core of death domains is similar. Residues involved in the hydrophobic core formation are distributed over ␣1, ␣2, ␣4, ␣5, and ␣6, as are the slowly exchanging protons. The backbone NHs of the residues at the beginning of the helices, loop regions, and some exposed sides of the helices are exchanged in 30 min at 20°C. The helix hydrogen bonds generally found at the end of the helices (35) are observed in FADD-DD, and the exchange rates of these hydrogen-bonded backbone NHs (Val 121 and Leu 170 ) are protected; also, backbone NHs that have possible side chain N-cap interactions (Lys 125 , Glu 139 , Gly 160 ) were protected compared with the neighboring residues with unsatisfied NHs.
Binding Interactions between Fas-DD and FADD-DD-Because the global fold of FADD-DD is similar to that of Fas-DD and helices ␣2 and ␣3 of Fas-DD is known to be involved in FADD binding, we focused on ␣2 and ␣3. Mutants were constructed in which the charged residues in helices ␣2 and ␣3 were substituted by Ala, and Leu 119 and Val 121 were replaced by Asn (Fig. 2) . The affinity of FADD-DD and variant proteins was measured by surface plasma resonance using BIAcore system (Pharmacia Biosensor AB). R110A, R113A, R117A, E118A, V121N, and E123A mutations virtually abolished the binding affinity of FADD-DD to Fas-DD, and R114A, L119N, and D127A mutations decreased the binding affinity more than four orders of magnitude (Fig. 3) . All mutations decreased the binding affinity of FADD-DD but D111A, K120A, E130A, and E131A had marginal effects. All mutations constructed also decreased self-association of FADD. The association tendency can be divided into four classes based on self-association between FADD-DD and FADD. As indicated in Fig. 3 , self-association is also significantly alleviated by the mutations in helices ␣2 and ␣3, indicating that self-association and binding to Fas-DD use similar surface. These results indicate that the charged residues in ␣2 and ␣3 are involved in Fas interaction and self-association, which is also shown in Fas-DD (19) . DISCUSSION The structure of FADD-DD (Fig. 1) indicates that its fold is similar to other death-related proteins such as Fas-DD (19), FADD-DED (20) , and caspase recruitment domain of RAIDD (21) . Helices ␣1, ␣2, ␣4, ␣5, and ␣6 form a hydrophobic core, and helix ␣3 is somewhat isolated from the rest of the protein and is the most flexible among the helices. Considering that ␣2 and ␣3 are involved in the binding to Fas-DD, ␣3 is most likely to be involved in binding modulation and adapter protein se-
FIG. 3. Relative binding affinities of FADD-DD and its variants
to Fas-DD. The binding affinity of each mutant is compared with wild type (WT) FADD-DD. Each mutant is constructed by replacing residues in helices ␣2 and ␣3 by either Ala or Asn. The binding affinities are shown in equilibrium association constants (K a ) at pH 7.4. The mutations shown with no binding constants (R110A, K113A, R117A, E118A, V121N, and E123A) reduced binding affinity of FADD-DD by more than 10,000-folds, and affinity could not be estimated because of the weak binding. Self-association was estimated based on the binding between FADD and FADD-DD after 2 min of association in 10 mM HEPES buffer containing 150 mM NaCl, 3.4 mM EDTA, and 0.05% surfactant P20 at 25°C. ϩ, the self-association tendencies are indicated from the highest (ϩϩϩϩ) to the lowest (ϩ). (19) . *, mutation (Asp Ͼ Tyr) was found in a prepared sample.
lectivity. The flexibility of ␣3 could be crucial in maximizing contacts between the interacting death domains. The lpr mutation in Fas receptor induces the complete loss of ␣3 and reduces the binding affinity of Fas-DD to FADD (36) , and the corresponding mutation (V121N) in FADD-DD also showed similar loss in binding affinity. This may indicate that the role of ␣3 is conserved in death domains. FADD-DD structure has an exposed hydrophobic surface at the N-and C-terminal helices (Fig. 1) , and the same pattern was reported in FADD-DED (20) . Because the C terminus of DED is connected to the N terminus of DD in an intact FADD, the structure of FADD would have 12 antiparallel helices comprising 6 helices from each domain and a disordered C terminus comprising residues 184 -205. The interactions between DED and DD domains are expected to be from the residues of ␣1 and ␣6 of each domain. The partial digestion of FADD by subtilisin indicates that the C-terminal region comprising residues 184 -205 is the most susceptible to the protease. Also the fragments that remained intact after 2 h of digestion were the N-terminal 88 residues (residues 1-88) and the C-terminal 95 residues (residues 89 -183), indicating that two domains are connected by a flexible loop.
Mutations of charged residues in ␣2 and ␣3 of FADD-DD indicate that the major binding sites between FADD-DD and Fas-DD appear to reside in ␣2 and ␣3. Mutations of Fas-DD (19), TNFR-DD (37), and TRADD-DD (38) indicated that ␣2 and ␣3 are important for functions, but other regions are also implicated. However, among the residues on the surface, charged residues in ␣2 and ␣3 are most likely candidates for protein interactions. Other residues affecting the structural integrity of death domains, such as lpr mutant, could have effects on protein functions. The result of extensive mutation studies in ␣2 and ␣3 of FADD-DD indicates that this region affects binding affinity of Fas-DD for FADD-DD. As shown in Fig. 4 , the charge distribution in ␣2 and ␣3 of FADD-DD and Fas-DD are similar, indicating that interactions between the two proteins are anti-parallel. Helix ␣2 of Fas-DD interacts with ␣3 of FADD-DD and vice versa.
In Fas-induced apoptosis, Fas receptor is trimerized upon stimulation and then recruits FADD. It is not known yet whether Fas receptor trimer is needed for creating a binding site for FADD, or trimerization is a means to expose the extra binding surface of Fas receptor to FADD. Our experiments showed that FADD-DD binds to Fas-DD with a dissociation constant of about 200 nM. Considering that FADD and Fas used in experiments are mouse and human origin, respectively, and the fact that Fas-DD binds better to an intact FADD (39) than FADD-DD alone, Fas receptor monomer seems to be capable of recruiting FADD. This indicates that the trimerization of Fas receptor is required to expose a binding surface rather than creating a binding surface. The whole binding surface of Fas-DD may not be available in monomer either by interacting with membrane or other factors. When induced by ligand, the whole binding surface of Fas-DD would be exposed by conformational change and recruit FADD. Once the death domain of Fas binds to FADD, the induced conformational change (3) would convert FADD into a high affinity form for procaspase-8, triggering recruitment and activation of caspase-8. The mode of conformational change is not clear, but domain movement of DD and DED of FADD is most likely. However, the low affinity binding between DDs or DEDs may occur in a normal cell, so overexpression of proteins containing these domains can lead to cell death. In fact, the difference in affinity between the low affinity and the high affinity form of Fas receptor or FADD may not be that high. The 10-fold difference in binding affinity is equivalent to about 1.3 kcal/mol at the physiological temperature, indicating that a small conformational change can easily switch from the low affinity to high affinity form.
In conclusion, FADD death domain consists of six antiparallel helices similar to other known death-related domains. Helices ␣2 and ␣3 of death domain constitute a major binding surface and appear to interact antiparallel with the death domain of Fas receptor. We think that the ligand-induced exposure of the binding site of Fas receptor and FADD is crucial to Fas-mediated apoptosis. 
